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Status of Dark Matter

DAMA
PAMELA

ATIC
FERMI

WMAP Haze
INTEGRAL

Not your grandfather’s dark matter candidate...

Hints at non-trivial dark matter interactions
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Non-trivial dynamics in dark matter sector?

Explanations for suppressed spectra

Composite dark matter models

Experimental Prospects?

Uncertainties in halo profile

Direct Detection 

Directional Detection Experiments

 Fermilab



Time (day)

DAMA
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Annual modulation in WIMP signal

summer

winter

WIMP wind

Modulation amplitude ~2.5% for 
elastic scattering

�v⊙

�vE
�vE

Φwimp = σv

v ≤ vesc + |�vE − �v⊙| v ≤ vesc + |�vE + �v⊙|



Direct Detection
Dark matter may scatter off of nuclei in detectors

Mariangela Lisanti Fermilab Seminar,  Sep 24

Can measure recoil energy of nucleus

spin-independent

(χ̄χ)(q̄q)

χ

χ

σSI ∝ A2

N

N

spin-dependent

(χ̄γµγ5χ)(q̄γµγ5q)

χ

χ

σSD ∝
J(J + 1)

J2

N

N



Direct Detection
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Experiment Element
Signal Window

(keV) # Events
Exposure
(kg day)

CDMS Ge 10-100 2 174

XENON Xe 4.5-45 24 122

ZEPLIN 2 Xe 14-56 29 225

ZEPLIN 3 Xe 11-31 7 127

CRESST W 10-100 7 30

Experiments optimized to look for elastic scattering recoil spectrum

Recoil Energy (keV)

R
at

e

dRel

dER
∝ e−ER

DAMA has 0.82 Ton Years!



Current Limits
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DAMA
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Inelastic Dark Matter
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Tucker-Smith and Weiner (2001).

Dark matter has two nearly 
degenerate states

δm ∼ (100 keV)

vmin =
1√

2mNER

�
mNER

µ
+ δm

�

Threshold velocity necessary 
to scatter with energy ER

Lighter nuclei, higher thresholdχ1

χ2 N

N
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Scattering rate depends on halo profile

dR

dER
∝

� vesc

vmin

d3vf(v)v
dσ

dER

inelastic scattering sensitive to 
tail of distribution
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Larger modulation fraction for inelastic dark matter

because absolute signal is smaller



Inelastic Dark Matter
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3 Consequences

Scatters off of heavier nuclei
CDMS ineffective

Large recoil energy 
XENON didn’t look

Large modulation fraction 
DAMA is sensitive

Recoil Energy (keV)

R
at

e

Threshold behavior
µv2 ∼ 100 keV
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FIG. 3: Plots of the SD-proton cross section σp vs DM mass mχ without (a) and with q4
suppression (b). The colored

regions show the 68, 90, and 99% CL regions for the best DAMA fit. The 90% exclusions limits are PICASSO (gray

solid), KIMS (orange dashed), XENON10 (brown dot-dashed), and CDMS (red dotted).

pions. The limits from Super–Kamiokande WIMP

capture are then trivially evaded [23, 24].

MODEL BUILDING CONSTRAINTS

For the dark matter scattering to display the

novel phenomenology discussed here, the scattering

rate must be dominated by the new operators, and

not the typical SI or SD coupling. This is not a

trivial requirement. For comparable coefficients, the

scattering mediated by operators of Eqns. (3)–(6)

are suppressed by powers of the velocity or momenta

relative to Eqns. (1) and (2). It is possible, however,

that the coefficients of these new operators are much

larger than the coefficients of the other operators.

We discuss this further below.

If the signal is to be observable at near-future

experiments, the q2n suppression must be compen-

sated by a large coefficient for the operator. This

could be due in part to particularly large couplings

of a mediator to the Dark Sector or a local over-

density of the dark matter, but the simplest way to

get an enhancement is just for the mediator mass

to be small: dR/dER ∝ m
−4
φ . The necessary mφ

depends on the amount of q2 suppression. If there

is a single q2, as in O1 and O2, a mediator mass

of a mχ ∼ few GeV, O(1) couplings to the DM

while having Yukawa suppression on quark side,

one finds a ∼ 10−36 cm2 cross section. This is

near the interesting region for O2. In the case of

coherent scattering off of nuclei (as for O1), this

would actually already be strongly ruled out by

CDMS and XENON for a large mass range, a viable

10−44 cm2 cross section would require something like

mφ ∼ 100 GeV. For q4 suppression, the mass has to

be O(100) MeV to get a ∼ 10−36 cm2 cross section.

In specific cases, large contributions to O1 - O4

can be expected. If there is a light pseudoscalar

present that couples both to dark matter and to

quarks then O1 - O3 can be generated through its

exchange without generation of either OSI or OSD.

If there is no parity violation, then the expectation

is that O3 dominates. On the other hand, if parity

violation is present, then it is plausible that the

coefficients of O1 - O3 could all be comparable.

In this case, it is likely that it would be easiest

to probe O1 because of its coherent scattering off
of nuclei. Alternatively, parity violation might be

confined to couplings in the dark matter sector. In

this case, pseudoscalar exchange could dominantly

induce O2. We note that if the light pseudoscalar

is naively realized as a pseudo-Goldstone, it is

difficult to sufficiently suppress the contributions to

OSI . Contributions are induced by exchanging the

scalar whose vacuum expectation fφ value breaks

the global symmetry and made the φ light.

Interactions with only q2 suppression can con-

ceivably still dominate over standard interactions

without significant model-building efforts. The

simplest example comes from charge-radius or dipole

couplings to a composite WIMP, whose constituents

are charged under a new, dark gauge group [1].

This generates the phenomenology of O1 straight-
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Best case scenarios
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σ

q0

Dark Matter Form Factors
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Recoil Energy (keV)

R
at

e

dRel

dER
∝ (ER)ne−ER

Feldstein, Fitzpatrick, and Katz (2009).
Chang, Pierce, and Weiner (2009).

Pospelov and Ritz (2003).

Can suppress low energy scattering

Fdm(q2) = c0 + c1q
2 + c2q

4 + · · ·

q2 � mNER



Inelastic Dark Matter
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δm

m
∼ 10−6

A new number to explain

Sign of dark sector dynamics?

First of many splittings

New interactions to discover

Changes what questions are interesting...
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Explanations for suppressed spectra

Composite dark matter models

Experimental Prospects?

Uncertainties in halo profile

Direct Detection 

Directional Detection Experiments

 



Composite Dark Matter
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New SU(Nc) gauge sector confines at scale Λd

qLqH

Two new quarks that form bound states

spin 0 spin 1

dark pion dark rho
ρdπd

Alves, Behbahani, Schuster, and Wacker (2009).



Cosmology
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When T<< Λd, dark matter is in

bound state

qH q̄L

A cosmological asymmetry

(nH − n
H̄

) = −(nL − n
L̄
) �= 0

Alves, Behbahani, Schuster, Wacker, 0903.3945.

Spin temperature low

nρd

nπd

= exp(−δm/Tspin)

Kinetically decouple late, 
smaller spin temperature



Composite Dark Matter

Mariangela Lisanti Fermilab Seminar,  Sep 24

En
er

gy Λd

mH

mL

Mass difference in meson states arises from hyperfine splitting

coulombic limit

qH

q̄L

δm ∼ α4
d
m2

L

mH



Composite Dark Matter

Mariangela Lisanti Fermilab Seminar,  Sep 24

En
er

gy Λd

mH

mL

confinement limit

Mass difference in meson states arises from hyperfine splitting

coulombic limit

qH

q̄L

δm ∼ α4
d
m2

L

mH

qH

q̄L
δm ∼ Λ2

d

mH



Coupling to Standard Model
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gauge boson mixing

L = −F 2
d − F 2

EM − �FdFEM + m2
AA2

d + JEMAEM + JdAd

Higgs U(1)d near the electroweak scale

LHiggs = |Dµφd|2 − V (φd)→ m2

AA2

d

DM SM
U(1)YU(1)d

ψgut

Kinetically mix U(1)d with U(1)Y



Coupling to Standard Model
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DM SM
U(1)YU(1)d

ψgut

Kinetically mix U(1)d with U(1)Y

L = −F 2
d − F 2

EM − �FdFEM + m2
AA2

d + JEMAEM + JdAd

Lint ∝ �Jµ
emAdµ

redefine SM photon AEM → AEM − �Ad

L = −F 2
d − F 2

EM + m2
AA2

d + JEM(AEM − �Ad) + JdAd
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�

fixed target

supernova

ϒ(3S)
ae

aμ

Current Limits on ε
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Pospelov (2008).
Reece and Wang (2009).

Bjorken, Essig, Schuster, and Toro (2009).



Effective Field Theory
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Parity of new gauge boson determines the allowed 
interactions in the effective Lagrangian

πd → −πd ρdµ → (−1)µρdµ

spin 0 meson spin 1 meson

qH q̄L

πd

ρµ
d

m
as

s

Dark Matter Scattering

elastic
πd→πd

inelastic
πd→ρd

Use EFT to describe interactions of mesons



Dark Matter Current
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Two choices for anomaly-free charges

Axial-Vector Coupling

Forbids quark masses until U(1)d Higgsed

Vector Coupling

Does not forbid quark masses

Jµ

d = q̄HγµqH − q̄LγµqL

Jµ

d = q̄Hγµγ5qH − q̄Lγµγ5qL



Axial Coupling
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Inelastic

πd→ρd

1
Λd

π†
d∂µρν

dFdµν

dimension 6

velocity suppressed

Elastic

πd→πd

1
Λ2

d

π†
d∂µπd∂ν F̃µν

d

Nearly pure inelastic scattering

Inelastic rate dominates:
Rel

Rin
� q2v2

rel

Λ2
d

1
Fhalo

� 10−4

fraction to scatter inelastically



Vector Coupling
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1
Λ2

d

π†
d∂µπd∂νFµν

d

Elastic

πd→πd

velocity suppressed

1
Λd

π†
d∂µρν

dF̃dµν

Inelastic

πd→ρd

charge-radius scattering

Nearly pure elastic scattering

Elastic rate dominates:
Rel

Rin
� q2

Λ2
dv

2
rel

1
Fhalo

� 108
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Figure 4: Nuclear recoil spectra characteristic of composite dark matter. In addition to

scattering inelastically, composite dark matter may also scatter elastically through charged

radius scattering, but with a suppressed rate. Left: For a dark matter mass of MDM =

200 GeV and mediator mass MA = 1 GeV, the charged radius recoil spectrum (blue) is

shown alongside the charged scattering spectrum (red). The finite size of the dark matter

suppresses low recoil energy events, thereby pushing the entire recoil spectrum to higher

energies. Consequently, direct detection experiments need to include large nuclear recoil

energies to maximize sensitivity to this kind of elastic scattering. Right: Charged inelastic

scattering (orange) and electric-dipole inelastic scattering (red) are shown alongside the

DAMA recoil spectrum (blue data points), again for MDM = 200 GeV and mediator mass

MA = 1 GeV. The finite dark matter size suppresses low energy events, thereby pushing the

spectrum to slightly higher energies.

11

Erecoil

Suppressed at low

Erecoil

Vector Couplings

Lint =
gd

Λ2
dark

∂µFµν
dark π†

d ∂ν πd

Lint =
gd

Λdark
�µνσρFdark µν ρ†d σ ∂ρ πd

parity!

Different low energy interactions

velocity suppressed

Elastic transition

Inelastic transition

Dim 6 elastic Charge Radius scattering

10−6 smaller

ER

elastic

charge-radius

R
at

e

Charge-radius scattering difficult to 
distinguish from inelastic scattering

Charge Radius
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Neutral composite states with charged constituents

Lcr = Fdm(ER)q̄ieA� dq

Fdm(0) = 0 + r2
cER

Form-factor suppression from 
interaction with background field

q

q
Fdm(ER)πd

πd

γd



CP Violation
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Leads to mixing between
states of different parity

e.g. πd ↔ a0d

Lcpv = ΘdTrGdG̃d

Θ term in dark QCD sector Not necessarily small
En

er
gy

Λd

mH

mL

sin θp =
�πd|Hp|a0d�
ma0d −mπd

� ΘdΛd

λ2
dmL

For heavy quarks, mixing given by

chiral rotation removes Θ term
mL → 0In limit

CP effects vanish as          mL → 0,∞  ...maximized when mL � Λd



Effects of Parity Violation
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Admixture of vector and axial interactions

Fµν
d → cos

θp

2
Fµν

d + sin
θp

2
F̃µν

d

Inelastic

1
Λd

π†
d∂µρν

dFdµν

Elastic

1
Λ2

d

π†
d∂µπd∂ν F̃µν

d

1
Λd

π†
d∂µρν

dF̃dµν
1

Λ2
d

π†
d∂µπd∂νFµν

d

Axial

Vector



Effects of Parity Violation

Mariangela Lisanti Fermilab Seminar,  Sep 24

Admixture of vector and axial interactions

Fµν
d → cos

θp

2
Fµν

d + sin
θp

2
F̃µν

d

Inelastic

1
Λd

π†
d∂µρν

dFdµν

Elastic

1
Λ2

d

π†
d∂µπd∂ν F̃µν

d

1
Λd

π†
d∂µρν

dF̃dµν
1

Λ2
d

π†
d∂µπd∂νFµν

d

Axial

Vector

Neither axial or vector, but elastic and inelastic interactions



Effects of Parity Violation
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Any ratio of charge-radius elastic to inelastic scattering can 
be achieved by appropriate choice of mixing angle!

Admixture of vector and axial interactions

Axial

Rel

Rin
∝ tan2 θp

2

Vector

Rel

Rin
∝ cot2

θp

2

Can we discover small elastic contributions to scattering rate?
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Direct Detection 

Directional Detection Experiments
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Assume velocity distribution is:

isothermal, isotropic, & Gaussian  

f(v) ∝
�
e−(v/v0)

2
− e−(vesc/v0)2

�
Θ(vesc − v)

N-body simulations indicate that density falls off more 
steeply at larger radii



Modified SHM
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α parameterizes variation in the 
tail of the distribution

captures qualitative behavior of 
N-body simulations
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Setting Limits on Cross Section
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Usually set limits on cross section per nucleon

Factor of A4 to translate

iDM has non-trivial kinematics

Light nuclei have no cross section

Should use particle physics parameters

σ ∝ Z2αEM

f4 f2 �
m2

Ad

cin �gd



Marginalizing over Uncertainties
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“Unknowns”

astrophysicsparticle physics

v0, vesc, α

How do current experiments constrain parameters?

0.8 ≤ α ≤ 1.25

200 ≤ v0 ≤ 300
500 ≤ vesc ≤ 600

mπd , δm, cin

cin is coupling for inelastic 
operator

cel/cin = relative strength of 
elastic sub-component
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χ2(mπd , δ, fi, v0, vesc, α) =
Nexp�

ı=1

�
Xpred

i −Xobs
i

σi

�

Minimize χ2 over 6 parameters using results from direct 
detection experiments

Fit to DAMA recoil spectrum

Require that theory predicts ≤ number of 
events seen by each  null experiment

Marginalizing over Parameters



DAMA
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Modulation Amplitude
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cel/cin = 0.15

mπd ∼ 70 GeV
δm ∼ 95 keV
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Correlations
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The same model, but with different halo profiles...

...cannot distinguish astrophysics parameters!

cel/cin = 0.15

Parameters consistent 
with DAMA and null 

experiments



LUX/Xenon100
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Can see a large number of events

(1000 kg-day exposure ~ 1 month!)

100 kg liquid Xe detectors (upgrade for Xenon10)

Winter Summer
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LUX/Xenon100
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Recoil Spectrum

: summer

: winter

1000 kg· day

Elastic subcomponent most apparent near the 
energy threshold
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Explanations for suppressed spectra

Composite dark matter models

Experimental Prospects?

Uncertainties in halo profile

Direct Detection 

Directional Detection Experiments

 



Detector
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πd πd

CF4 : DMTPC, NEWAGE, MIMAC
CS2 : DRIFT

1 mm

Good angular resolution requires 
sufficiently long tracks (~1 mm)

Head-tail discrimination requires large 
threshold energy (~50 keV)

Finkbeiner, Lin, and Weiner (2009).

Need heavier nuclei to see inelastic signal!
Iodine (A=127) or Xenon (A=131)}

Directional Detection 
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Motivation

45°(

Detector

D
et

ec
to

r

Spergel (1988).  

Daily Modulation

Wind direction changes every 12 hrs

Large Amplitude

Daily modulation amplitude ~ 100%

Smaller Backgrounds

irreducible neutron backgrounds

6 am

6 pm
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Different dynamics in dark matter sector result in different cosγ spectra
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iDM

eDM FF

cel/cin = 0.15
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Conclusions
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Composite inelastic DM can explain 100 keV scale

Parity violation leads to interesting scattering behavior

LUX/XENON100 can see many events

Directional detection needed to disentangle dynamics


